Diallel experiments were carried out in several environments to investigate the genetic control of maize yield stability. The analyses used the methodology developed by Pacheco (1997) which is useful when the genotype x environment interaction is significant and the genetic effects are not consistent across environments. The 28 population diallel assessed in ten environments allowed the following conclusions: a) dominance deviations were the main cause of yield instability; b) populations selected under environmental stress conditions, such as Saracura, produced more stable intervarietal hybrids through a reduction in the deviations from regression due to specific combining ability; c) selection for yield followed by selection for stability would increase the breeding program efficiency if the initial populations had high General and Specific Combining Abilities, broad adaptability and regression deviations close to zero.
INTRODUCTION
Although breeders and statisticians have identified and recognized the importance of the genotype x environment interaction in selection, Rojas and Sprague (1952) were the first ones to investigate the consistency of the General Combining Ability (GCA) and Specific Combining Ability (SCA) estimates in experiments repeated in a series of locations or years. Indeed, better decisions can be made on the choice of parents to start a breeding program and on the selection methods to be used when the variances of the GCA and SCA effects are estimated from data obtained in several environments (Matzinger et al., 1959) . Eberhart and Russell (1966) partitioned the treatment sum of squares in GCA and SCA components and respective interactions in their assessment of two diallels, one with eleven and the other with eight maize lines, in eight and twelve environments, respectively. The authors presented the adaptability and stability estimates for the parents of the diallel but did not compare them with the estimates obtained from the derived hybrids. This procedure would allow an understanding of what happens when a stable line is crossed with an unstable one. Gama and Hallauer (1980) assumed that maize yield stability is genetically controlled. They evaluated selected and unselected lines for grain yield and concluded that hybrids derived from selected line This approach was shared by Torres (1988) who observed, using data from National Trials of Maize, that adaptability and yield must have independent genetic control given the lack of correlation between them and given the size of the coefficient of determination for grain yield, which was approximately twice that for adaptability. The author, however, did not refer to the stability estimated according to the deviations from linear regression nor did he discuss these traits inheritance.
Based on a simple one gene two allele model (BB, Bb and bb) , similar to that presented by Falconer (1987) , but considering several environments, Vencovsky and Barriga (1992) showed that the genotype x environment interaction ( σ 2 GA ) component of variance is due to the instability of the u, a and d genotypic effects, which vary from one environment to another, that is, its origin is genetic. They drew attention to the fact that, contrary to the traditional variances, which are defined among genotypes within environments, is defined among environments within genotypes. It is a genetic variation among environments of intragenotypic origin.
Crop Breeding and Applied Biotechnology, v. 2, n. 3, p. 345-354, 2002 This study aimed to investigate and interpret the genetic causes of yield stability using diallel crosses assessed in several environments.
MATERIAL AND METHODS
The methodology used in this study was developed by Pacheco (1997) to investigate the genotype x environment interaction in diallel crosses assessed in a series of environments. The adaptability and stability parameters of Eberhart and Russell (1966) are partitioned into genetic effects of General (GCA) and Specific (SCA) Combining Abilities, and analyzed by Griffing´s method II, model I (1956) .
Details of the matrix calculations, in which the adaptability parameters are partitioned by the least squares method, are presented by Pacheco et al. (1999) : : is the intercept or point at which the regression line cuts the Y axis, which corresponds to the mean of the ith genotype in the kth environment, according to the methodology of Eberhart and Russell (1966) . It can be partitioned by the Griffing' (1956) : is the linear regression coefficient or the adaptability coefficient of Eberhart and Russell, which can be partitioned by the Griffing' effects (1956) : is the linear regression coefficient associated with the SCA effect of the cross between the ith and jth genotype estimated by
The estimation of the adaptability parameters was emphasized by Pacheco et al. (1999) due to its simplicity and the small size of the matrixes involved. This was done, however, without hampering the understanding of the estimation of the stability parameters, whose demonstration is longer because the of the sum of the square matrixes. A simple presentation of the sum of the squares matrix of the regression deviations can simplify the understanding of the estimation, considering that
As demonstrated above, the sum of the squares of the deviation matrix is composed of the sums of the squares of the deviations due to the Griffing (1956) GCA and SCA genetic effect variances on the diagonal, and to the covariance among these effects, outside the diagonal. Non-nil covariances indicate non-independence of the genetic effects. However, because of their difficult interpretation and , until now, small practical values, they were added and denominated double products (DP).
It is important to point out that the sum of the elements within the sum of the squares matrixes resulted in numbers that correspond to the respective sums of the squares obtained by the conventional Eberhart and Russell (1966) model. The relationship between the regression sum of squares and the environments within genotype sum of squares, defined as the total determination coefficient ( R 2 t ), allowed the visualization of the raw data fitting the linear regression.
However, since these data are estimated from the sum squares of each genotype, the R 2 t is not the best measurement for comparing directly the magnitude of the deviations from regression mean squares among Crop Breeding and Applied Biotechnology, v. 2, n. 3, p. 345-354, 2002 the assessed genotypes. This comparison can be made by the Snedecor F statistics, where greater F values indicate greater deviations from regression mean squares.
Thus the most meaningful way to partition deviations from the regression in their components attributed to the Griffing genetic effects, preserving, at the same time, the relationships among genotypes, is to consider the relationship between their respective deviation mean squares and residual mean squares. This is also true for the double products, as partitions of the total F statistic.
The components are not, however, associated to any probability function.
This methodology was applied by Pacheco (1997) to the yield data (kg/ha) of 28 maize open pollinated populations (P's),to their first selfed generation (S 1's ), to their 378 diallel crosses (F 1's ), and to seven controls in ten environments. Description of the populations are in Pacheco et al. (2002) . The analyses were performed by the Genes Program (Cruz, 1997) .
RESULTS AND DISCUSSION
In the diallel cross (Table 1) , the S 1's x E's interaction was not significant, the treatments were significant at the 5% level of probability and all the other variation sources were significant at the 1% level of probability.
Results were significant within the scope of this study, showing large differences across environments in the mean performance among and within treatment groups which form the diallel, justifying the application of the described methodology.
Observing the F statistics for the deviation from the regression mean squares for treatments involved in the diallel cross, as well as their partitions into genetic effects and double products, it can be noticed that the magnitudes of these F statistic data were strongly influenced by the magnitude of the deviations from the regression associated to SCA, both for the 28 populations (Table 2 ) and for the 378 intervarietal hybrids. Only the results from the 20 highest yielding intervarietal hybrids are presented in this study (Table 3 ).
The five populations that presented the largest deviations from the regression associated with the GCA effects were: BA III-Tusón (25), Cunha (24), , and . Deviations from the regression associated to the SCA effects indicated that the five most unstable populations were: CMS-01 (1), CMS-14C (11), CMS- and Nitrodent (28). The regression deviations associated with the double products among the genetic effects also contributed to the magnitude of the F statistics, mainly in these five populations: CMS-39 (20), Cunha (24), , CMS-04N (04) and CMS-23 (14) ( Table 2 ).
The populations classified among the five least stable, by at least one of the genetic effects, also presented significant F test for total regression deviations, except BR-105 (6) and Nitrodent (28), where the F was non-significant because of its negative double products.
Since double products are due to the regression covariance among the genetic effects, they are difficult to interpret, and are further complicated by the sum of all the double products. They will not, therefore, be further discussed, but their importance for the value and for the significance of the F test is acknowledged.
Considering that to be significant at least at the 5% level of probability, the total F had to be at least 1.94, the deviations due to the double products alone would be responsible for the significance of the F test in two treatments: CMS-22 x PH 4 (13x23) and CMS-50 x PH 4 (21x23) ( Table 3 ). The deviations from regression due to SCA would be responsible for the significance in the CMS-50 x PH 4 (21x23) and in 57 other treatments.
Although the deviations from regression due to SCA and double products were the strongest determinants of yield instability in 50 treatments (54.63% of those with significant F), the combination of small deviations of all effects was responsible for the significance of the F test in 49 other treatments, or 45.37% of those with significant F (Table 4) . Table 4 gives an overview of the performance of the parents and their crosses, based on the significance of the total deviations from regression and on the relationship deviation from the SCA mean squares / effective mean error greater than 1.94. The penultimate column shows that the parents differed in yield stability, both per se and in crosses. The BA IIITusón (25) population was unstable and contributed to the instability of 48.1% in the crosses in which it participated as parent. On the other hand, the Saracura population (26) was stable and contributed to the stability of the crosses in which it participated. Only 7.4% of the derived crosses were unstable, showing its genetic influence on yield stability.
The last column in Table 4 shows that the contribution of the SCA deviations to the significance of the deviations from regression also varied according to treatment. Thus, while 22.2% of the crosses derived from the CMS-01 population (1) presented significant F for total deviations from regression based exclusively on the contribution of the SCA deviations, none of the crosses in which BR-136 (19) participated had significant deviations based only on the SCA deviations, indicating that the populations also differed on the type of genetic action for stability.
It should be pointed out, however, that in the populations already selected under some environmental stress, the importance of the deviations related to SCA was smaller. The CMS-04 population is a good example once it was split in two subpopulations during breeding, CMS-04N (4) and CMS-04C (5), which were then submitted to selection in fertile soils and in soils under Cerrado vegetation, respectively. Divergent selection caused changes in the genetic frequencies of the two versions which can be ascertained in the results obtained for the two subpopulations per se (Table 2 ) and in crosses with other populations of this diallel (Table 3 ). (Table 2) . Further, there was greater genetic complementation between them ( ŝij of 138.50) than in the cross between the BR-105 (6) and BR-106 (7) populations ( of 33.80) ,which were submitted to several reciprocal recurrent selection cycles (Table 3) . Although both versions presented wide adaptability, CMS 04C (5) showed lower yielding and tended to be less responsive to improvement in the environmental conditions than the fertile soil version. The main difference between them, however, was yield stability. According to the F total criteria, only the version selected for the Crop Breeding and Applied Biotechnology, v. 2, n. 3, p. 345-354, 2002 Cerrado can be considered stable. Table 4 shows the large difference in stability performance in the intervarietal hybrids from the two sub-populations. The Cerrado version was much more efficient (11.1%) than the fertile soil (22.2%) in producing stable F1´s when assessment was based on SCA related deviations from regression. The "intervarietal hybrid (IVH)" derived from the CMS 04N x CMS 04C (4x5) cross is also very representative since it joined the characteristics of greater yield and stability that were separated in the two parents (Table 3 ), indicating that selection in the two environments may have acted on different adaptation mechanisms.
The smaller contribution of the SCA related deviations from regression in crosses involving populations that had been selected under environmental stress conditions was also observed in the BR-136 (19), CMS-30 (18) and CMS-14C (11) populations, which were selected in soils under Cerrado vegetation, in CMS-22 (13), Nitrodent (28) and Nitroflint (27), which were selected in soils with nitrogen stress, and especially in Saracura (26), which was developed to tolerate marshy soils.
The analysis of the 20 highest yielding intervarietal hybrids showed that BR-106 (7) was the parent in 50% of them (Table 3) . Three out of these 10, including the top yielding, presented significant deviations from regression and, for one of them, the F statistic would be significant based only on the SCA related deviations from regression. On the other hand, BR-106 (7) was also the parent of the four most stable of the 20 highest yielding hybrids, in crosses with CMS-04N (4), CMS-14C (11), CMS-04C (5), and Saracura (26). This confirms the importance of increasing the frequency of genes for adaptation to some environmental stress for yield stability.
Since stability is conditioned mainly by the SCA effect, certain hybrid combinations can perform better or worse than expected, based on the mean performance of the parental lines involved. This occurred with the CMS 04N x BR 106 (4x7) cross, which, contrary to Crop Breeding and Applied Biotechnology, v. 2, n. 3, p. 345-354, 2002 what was expected, showed more stability than the IVH CMS 04C x BR-106 (5x7) cross.
A preliminary analysis of the deviations from regression and the combining ability of a variety with itself ( ŝii ), which, according to Cruz and Vencovsky (1989) , are important indicators of unidirectional dominance and varietal heterosis, suggested that the most heterozygous materials were more stable than the most homozygous materials, since those materials in which the varietal heterosis was negative, such as the Saracura (26) population, were more stable than those in which the varietal heterosis was positive, such as the BA-III-Tusón (25) population (Table 2) . However, it must be emphasized that, when the dominance deviations are predominantly positive, the positive varietal heterosis is due to the contribution of the loci to heterozygosis, resulting from all the possible crosses with a given population. Consequently, the varietal heterosis needs to be interpreted as an specular image of the population genome. The most homozygous populations, with the highest frequency of homozygous loci, either favorable or unfavorable, will present large and positive varietal heterosis. Therefore, the negative varietal heterosis can be used as an indicator of the degree of heterozygosity in the population, that is, the smallest (most negative) the varietal heterosis the greatest the frequency of heterozygous loci.
In the context of this study, and, according to Cruz and Vencovsky (1989) , the varietal heterosis can be better understood when the parents are included, according to Cruz and Vencovsky (1989) , although the Gardner and Eberhart diallel (1966) is more parameterized than that of Griffing (1956) , the two methodologies do not differ in the quality of information generated and the following relationships among the parameter is presented:
The mean for ŝii (-638.03 ) is indirectly important Table 3 . Eberhart and Russell (1966) since it has a symmetrical interpretation of the mean heterosis ( ĥ ), revealing the importance of the dominance deviations and variance of the genetic frequency in the diallel for the trait under study (Cruz and Vencovsky, 1989) . On the other hand, it has direct importance to the ŝii estimated for each population, whose variation is due only to varietal heterosis ( ĥ i ), once the fraction of the mean heterosis in ŝii is constant for all the populations. Therefore, larger ŝii absolute values imply larger ĥ i and, consequently, lower contribution of the favorable homozygous loci in the general combining ability ( ĝ i ).
This means that , for the data under discussion, the value ŝii = -638.03 is exclusively due to the mean heterosis, and that only values lower than this (larger and negative) will indicate positive effects due to varietal heterosis. Thus, varieties that presented values greater than -638.03 were those that reduced the number of heterozygous loci as an average of all crosses in which they participated. These varieties were less interesting for breeding purposes than those that increased the number of these loci.
In a diallel cross, the population with the largest ŝii , although more divergent genetically, will be that with largest contribution to the varietal heterosis, by the predominance of loci in heterozygosis in the mean of the crosses in which it participated. This population, however, is less appropriate for intrapopulational breeding due to its low frequency of favorable alleles. This is highlighted when the ŝii are associated to large negative ĝ s ' i ,as is the case of the BA-III -Tusón (25) population, which had the largest ŝii , and the second smallest ĝ i . These values suggested that this population has the highest frequency of homozygous recessive loci among the 28 assessed.
Under the genetic conditions of this study, the contributions of the homozygous and heterozygous loci to the general combining ability will average out when Table 4 . Identification of the parents and their crosses by the significance of the total deviations from regression and the relationship among the deviations from regression due to SCA and effective mean error. P X X 25.9 0.0 20 -CMS 39 P X X X X X X X X 29.6 18.5 21 -CMS 50 P X X X X 33.3 18.5 22 -Sint. Elite X X X X 14.8 11.1 23 -PH 4 18.5 11.1 24 -Cunha P X X X X 37.0 14.8 25 -BA III-Tus P X 48.1 25.9 26 -Saracura X X X X 7.4 7.4 27 -Nitroflint X X X X 25.9 22.2 28 -Nitrodent 18.5 7.4 X = cross and P = parent, with F significant for the total deviations from regression; X = cross and P = parent with the ratio: SCA MS deviations from regression/mean effective error, larger than 1.94; S = cross with non-significant F for the total deviations from regression and with the ratio: SCA MS deviations from regression/effective mean error larger than 1.94; %Tot. Dev = percentage of genotypes in which the ith parent contributed showing significant total deviations from regression; %SCA Dev = percentage of genotypes in which the ith parent contributed showing a ratio: SCA MS deviations from regression/effective mean error larger than 1.94.
Crop Breeding and Applied Biotechnology, v. 2, n. 3, p. 345-354, 2002 the limit attained by ŝii is at most 75% larger than -638.03 and is associated with a ĝ i of at least 300.00, which is close to 50% of the mean heterosis.
In case of large contributions from the dominance deviations, very high ĝ i associated with a low ŝii
indicates that the referred population may not be the most suitable for intrapopulational breeding. This happens despite the high frequency of homozygous favorable alleles and, consequently, high yield means; however, the expected gains from selection will tend to be small due to a probable low genetic variability. The population that best fitted this description was the BR-105 (6).
Therefore, due to the significance of the additive and dominant effects in this diallel, the ideal populations for per se or intrapopulational breeding will be those that present high ŝii associated to high ĝ i . These populations will have the highest frequency of homozygous and heterozygous loci, the first ensuring good performance due to the high frequency of favorable alleles, and the second, due to the variability necessary for successful selection. According to this line of thought, BR-106 (7) was the most indicated population present in this diallel for intrapopulational breeding, considering only the genetic effects involved.
In the CMS-50 (21) population, the ĝ i and ŝii genetic effects were, respectively, within the minimum and maximum limits of 50% and 175% of the mean and, consequently, it can be considered the second best population for intrapopulational breeding, although other populations presented higher general means.
The Saracura (26), Nitrodent (28), Sintético Elite (22), populations with similar genetic performance were also considered promising. These five populations had larger than -638.03, indicating that the good magnitudes of their were due mainly to the contribution of the heterozygous loci of their genetic constitutions.
Negative varietal heterosis can also be attributed to negative dominance deviations, such as can be observed in Falconer (1987) , indicating that the effect of dominance was towards decreasing the trait value. It is likely, however, that since the predominant dominance deviations in this diallel were positive, the negative varietal heterosis in the Saracura (26), Nitrodent (28), Sintético Elite (22), Nitroflint (27) and populations were due to the strong heterozygous nature of their genomes. In average, these populations contributed to the reduction of heterosis in the crosses they participated.
It is worth noting that these five populations are synthetic varieties or pools of broad genetic base (Parentoni et al., 1992; Machado et al., 1992; Santos et al., 1998; Pacheco et al., 1998) that were submitted to few mass selections and, or, half-sib progeny cycles. As they had not been selfed, their genetic variability were higher than those of other populations that had gone through selection methods which use selfed progenies (Lima et al., 1984) , such as BR-105 (6) and BR-106 (7) (Pacheco et al., 2002) .
By analyzing the effect of the specific combining ability between two different parents ( ŝij ) in terms of the parameters estimated by the complete model IV of Gardner and Eberhart (1966) , and using the expressions presented by Cruz and Vencovsky (1989) , the following expression is obtained: . In this latter formula, m v is the general mean of the varieties in the k environments according to Gardner and Eberhart (1966) model (4), quoted by Cruz and Regazzi (1994) .
By the expression previously presented for Ŷ ij , it can be seen that varietal heterosis has greater effect on the GCA rather than on the SCA, mainly in the large diallels. In this study, where 28 parents were assessed, only 2/29 of the mean heterosis and 4/30 of the varietal heterosis due to each parent are computed in the SCA of an intervarietal hybrid.
According to Cruz and Regazzi (1994) , the specific heterosis can also be estimated by the following expression: Crop Breeding and Applied Biotechnology, v. 2, n. 3, p. 345-354, 2002 It can be noticed that ' ŝ ij will be maximum when the mean and varietal heterosis are negative. However, considering that the dominance deviations in this diallel were predominantly positive and unidirectional and, consequently, the mean and the desirable varietal heterosis were positive, the ideal ' ŝ ij would not be the ' ŝ ij maximum, but that resulting from the cross between two parents bearers of ĝ i and ĝ j obtained by balanced homozygous and heterozygous potentials. These parents should also present good genetic complementation. Cruz and Vencovsky (1989) recommends that breeders should seek for the largest SCA effect within crosses with parents showing the largest GCA effect.
In most cases, larger ŝij effects (Table 3) It is worth pointing out that the rule developed by Cruz and Vencovsky (1989) for the identification of the highest yielding HV by the largest ŝij coupled with the parent with largest ĝ i will apply only if the ĝ i of this parent is due to positive effects from mean varietal v i and ĥ i effects, as in the case of the BR-106 variety. In cases where this condition was not met, the highest yielding IHV could not be found by the suggested rule, as in some of the environments assessed in this study, in Naspolini Filho et al. (1981) and in Eleutério et al. (1988) .
This finding can be explained by the last expression presented , where the SCA will not mean good genetic complementation whenever the parent with the largest ĝ i shows a negative ĥ i , once the best parent will not be that with the highest frequency of favorable alleles. This parent will have not only high frequency of favorable homozygous loci but also high frequency of heterozygous loci. Thus the best complementation expected for this parent will come from a parent with a high frequency of unfavorable homozygous loci, therefore with negative ĝ i . The resulting high ŝij , therefore, may not be associated to the best intervarietal hybrid of all the diallel, which contradicts the rule suggested by Cruz and Vencovsky (1989) .
Therefore, the SCA effect is more important within a context of genetic complementation when associated with positive ĝ s ' i in the two parents involved in the cross. This can be confirmed by the presence of those four, among the ten, previously quoted IHV with the highest yield. Only the Cunha x Nitrodent (24x28) hybrid resulted from the combination of a positive ĝ i with another with negative . On the other hand, among the ten most productive IHV, only in BR 105 x BR 106 (6x7) the SCA was not significant.
CONCLUSIONS
The main conclusions were: 1. the dominance deviations were the main effects responsible for the lack of yield stability; 2. the populations that were selected under some environmental stress conditions such as Saracura, contributed to the stability of the intervarietal hybrids in which they participated, mainly due to a reduction in the regression deviations caused by the specific combining ability; 3. selecting first for yield and then for stability would be more efficient if breeding programs started with populations with high general and specific combining ability, broad adaptability and regression deviations close to zero.
RESUMO Considerações Sobre as Causas Genéticas da Estabilidade de Produção em Milho
O objetivo desse trabalho foi estudar os efeitos genéticos envolvidos na estabilidade de produção de milho em ensaios dialélicos conduzidos numa série de ambientes. Foi utilizada a metodologia desenvolvida por Pacheco (1997) , útil quando a interação genótipos x ambientes é significativa e os efeitos genéticos não são consistentes de um ambiente para outro. A aplicação em um dialelo de 28 populações avaliado em dez ambientes, permitiu concluir que: a) os efeitos dos desvios devidos à dominância foram os principais responsáveis pela falta de estabilidade de produção; b) as populações selecionadas sob condição de estresse ambiental, como a Saracura, produziram híbridos intervarietais mais estáveis pela redução dos desvios da regressão devidos à capacidade específica de combinação; c) a prática de selecionar para produção e, entre os mais produtivos, identificar os mais estáveis, teria eficiência aumentada, se o programa de melhoramento fosse iniciado com populações cujos efeitos das capacidades geral e específica de
